Residual stresses and deformations continue to remain one of the primary challenges towards expanding the scope of selective laser melting as an industrial scale manufacturing process. While process monitoring and feedback-based process control of the process has shown significant potential, there is still dearth of techniques to tackle the issue. Numerical modelling of selective laser melting process has thus been an active area of research in the last few years. However, large computational resource requirements have slowed the usage of these models for optimizing the process.
INTRODUCTION
The importance of scan strategy in producing parts with SLM has been established across several studies [1] [2] [3] [4] . Thus several newer scan strategies have been proposed over the years, both for single layer as well as multiple layers [5] [6] [7] [8] [9] [10] . Research in process optimization of selective laser, however, has primarily been an experimental undertaking [1] [5] [11] . The usage of focused, high-power lasers as heat sources and the associated multi-physics in SLM provides a challenge for modelling large spatial and/or temporal domains. The resulting large computational requirements and calculation times have remained a bottleneck for most numerical modelling based optimization research [12] and consequently there is a scarcity of process optimization studies across literature.
However, recently developed faster solution techniques for the thermal model [13] as well as established model reduction techniques for the thermo-mechanical models [14] of selective laser melting provide fresh scope for undertaking numerical modelling based optimization studies. In this paper, several such smart techniques have been adapted to enable process optimization of the cellular scanning strategy for selective laser melting with an aim of reducing in-situ transient stresses as well as residual stresses and deformations. Figure 2 shows the temperature field predicted by the ABAQUS implementation and the hybrid pseudoanalytical-3DADI model for the antiparallel scanning strategy. For this case, the scanned area is smaller than the modelled domain as is the case in real processing with selective laser melting. Figure 3 shows the molten and powder zones as predicted by the ABAQUS and hybrid model respectively.
Ther

Mechanical Model
Thermo-mechanical modelling of selective laser melting has been the subject of several publications [3] [20] [4] [21] [22] within the past half-decade with a focus on the residual stresses generated during processing and the resulting deformations upon unloading. As the computation time involved in thermo-mechanical modelling of SLM is usually quite large, the models often use some form of approximation to increase the speed of computation e.g. adding multiple layers together instead of one at a time [21] .
Thermo-mechanics involved during SLM can be described using elasto-plastic constitutive models while solving the governing equations. The elastic behavior of the material being processed with SLM can be described using generalized Hooke's law, which describes an isotropic linear-elastic material. Due to high temperatures involved during SLM, the process description necessitates inclusion of plasticity models. Here, an isotropic hardening plasticity model is assumed based on von Mises flow criterion (J 2 flow theory), wherein yielding occurs when thrice the second invariant of stress deviator equals the square of the uniaxial yield strength of the material [23] .
The primary modelling technique used to simulate the mechanical problem in selective laser melting involved applying user subroutines along with the finite element software ABAQUS. A domain of 500μm X 500μm X 50μm is chosen corresponding to the molten/re-solidified region in the above (validation) case and divided into elements of 10μm edge length. Selective laser melting on the domain is simulated using a sequential coupling between thermal and mechanical models. Temperature-dependent yield strength is supplied along with a temperature and equivalent plastic strain dependent hardening parameter. UMAT is used to set up the incremental finite element formulation with UHARD supplying the hardness parameter. USDFLD is used along with a tanh based smoothening function to capture the transition between powder and bulk (solid or liquid) material. The thermo-mechanical model thus formed is able to capture the thermal softening as well as strain hardening effects. Additionally, equivalent plastic strains are reset to zero in the current implementation once the temperature exceeds liquidus, thus allowing for stress relaxation and tracking the melt pool. Figure 4 shows the residual stresses and corresponding deformation in the processed domain upon cooling to room temperature.
CELLULAR SCANNING STRATEGY OPTIMIZATION PROBLEM
Cellular Scanning Strategy
One of the most successful strategies, applied as default in software accompanying SLM machines, is the island scanning strategy. Cellular scanning strategy is an extension of the idea behind island scanning strategy wherein instead of dividing a layer into multiple islands and processing them randomly, the layer to be produced is divided into combination of large cells of different standard shapes and sizes which are processed using optimized scanning strategies suitable for those cells shapes/sizes. Each such cell is further divided into smaller cells following similar idea of division, and the division process continues till standard unit cell sizes are reached which can be processed using scan strategies already available in literature such as anti-parallel, parallel, spiral, etc. These selected unit cell scanning strategies are then combined in an optimized manner to generate an appropriate sequence of processing for the next larger standard sized cell. Subsequently, the multiple optimized scanning strategies generated can be further combined in an optimized sequence to generate the scanning strategy for the next larger cell size. The process is better described in Figure 5 below wherein the division of a long bar into cells is shown. The generation of cellular scanning strategy then follows a bottom-up z approach optimized
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Decomposing Cellular Scanning Strategy Optimization Problem
Scanning strategy is not a directly quantifiable parameter and thus the first step towards optimization is formulating them in a quantitative manner. As the focus is on cellular scanning strategy, the optimization has been formulated into a combinatorial problem resembling the Travelling Purchaser Problem (TPP). Travelling Purchaser Problem is defined as the path a purchaser should take when visiting a fixed number of cities wherein in addition to the cost of travelling between different locations, each location has a list of available goods together with the price of each such good. The task is then to find, for a given list of articles, the route with the minimum combined cost of purchases and traveling.
Cellular scanning strategy can be seen to resemble the travelling purchaser problem, where the unit cells forming the processing domain are the cities/locations and the different unit cell scanning paths are the corresponding goods at each location. The current problem, however, differs from TPP as the effect of choosing a particular unit cell scanning path is not known a priori. Also, the current problem is asymmetric as the effect of choosing a particular unit cell scanning path is not necessarily the same if the particular path through the locations were to be travelled in reverse. Thus, the problem is apt to be solved as a multi-objective optimization problem with the sequence of travelling between locations and the net effect of choosing unit cell scanning strategies forming two objective functions to be minimized simultaneously.
Multi-objective optimization problems, however, are less trivial than single-objective optimization problems when the objectives become conflicting and result in non-dominated pareto fronts (i.e. when one of the objective functions cannot be improved without degrading the other objective function values). Although, it is eventually a more apt way of tackling the cellular scanning strategy optimization problem, the work here has attempted to split the aforementioned problem into individual single-objective problems. The intention is to develop more efficient techniques for solving the single objective problems (as some algorithms are better tuned to solve a particular type of problem compared to others), and subsequently combine them in a multi-level scheme. The cellular scanning strategy optimization problem has thus been formulated into two distinct combinatorial subproblems -modified travelling salesman problem and a unit-cell selection problem (assignment problem)
Modified Travelling Salesman Problem
The classical travelling salesman problem (TSP) [24] is a combinatorial problem, wherein a path needs to be determined through a given set of points in order to minimize the total path (e.g. the shortest time in which a salesman can visit n different cities). Formulating the first sub-problem into a classical TSP would result in a path corresponding to the shortest travel time between the different cells. As it will not draw on any processspecific knowledge, the resulting solutions might not be suitable for the larger optimization problem. More specifically, it will not be able to capture the asymmetric nature of the problem. However, coupling a numerical process model to the TSP while defining certain indicators for fitness based on results of the numerical model would add the necessary process knowledge.
Unit Cell Selection Problem
The unit cell selection problem is formulated as an assignment problem. A classical assignment problem is best explained with the following analogy
There are a number of agents and a number of tasks. Any agent can be assigned to perform any task, incurring some cost that may vary depending on the agent-task assignment. It is required to perform all tasks by assigning exactly one agent to each task and exactly one task to each agent in such a way that the total cost of the assignment is minimized.
A generalization of this problem involves one agent being able to perform multiple tasks and vice versa. For the current problem, we assume the different unit cells to be the 'tasks' and the six scanning strategies shown in [19] to be the 'agents'. The cost of this assignment problem should be defined based on physical process characteristics, as it is framed to be the more rigorous of the two optimization sub-problems. Thus, for comparison between the different cellular scanning strategies, a dimensionless number ϴ is defined and is given by
where T is the maximum temperature during the simulation, σ is the maximum value of standard deviation of temperature during simulation, V is the number of overheated zones at the end of simulation, and M is the number of molten zones at the end of simulation. Molten or overheated zones are classified based on the maximum value in the temperature history of the zone. More specifically,
The process-specific perspective behind selection of the different indicators is explained in [13] , and is thus not discussed here. The usage of the Ѳ criteria as objective function for comparison of scanning strategies results in formulating the optimization as a minimization problem.
Optimization of Selective Laser Melting
For the current study on multilevel multiscale optimization of cellular scanning strategy, a domain of 10cm X 1cm was chosen, which was divided into 40 cells of 5mm X 5mm each. Each such 5mm square cell was further divided into unit cells of 500 μm X 500 μm which were to be processed using one of six standard scanning paths. The processing parameters used for simulation as well as experiments are given in Table 1 .
On the lowest level and scale, the optimization problem involved generation of processing sequences of the 500μm X 500μm unit cells in the 5mm X 5mm domain. The next optimization level involved selection of scanning strategies for the unit cells for the multiple optimized processing sequences generated. Optimization at this scale was performed iteratively between the two levels for three successive optimization runs after which the results were carried over to the next higher scale.
On the lower level of the higher scale, the optimization problem involved generation of processing sequence of the 5mm X 5mm cells in the 10cm X 1cm domain. Thereafter, the next level involved selection of scanning strategies of the 5mm X 5mm cells from the results carried over from the previous scale. Similar to the previous scale, the optimization was performed iteratively between the two levels for three successive optimization runs.
At the end of successful optimization at each scale, thermo-mechanical analysis was performed on the two generated scanning strategies with best numerically computed fitness values to ensure the validity of the optimization results. The limited number of thermo-mechanical simulations was due to the large computation time associated with each such simulation. Upon completion of the optimization procedure, the generated scan strategies were utilized to produce the 10cm X 1cm component by selective laser melting (as shown in Figure 6 ). 
RESULTS & DISCUSSION
The cellular scanning strategies generated through the optimization study have been used for manufacturing along with several control cases wherein the processing sequence is linear and/or unit cell scanning strategies have been fixed to be parallel scanning strategy. The optimization of the cellular scanning strategies has been aimed towards reducing the transient as well as residual stresses in components as well as resulting deformations. However, the control cases (corresponding to a randomized island scanning strategy) might lead to high residual stresses and localized deformations. Figure 7 shows delamination and deformations in one of the control cases during manufacturing of the 10cm X 1cm bars wherein non-optimized temperature fields led to high localized stress concentrations resulting in localized deformation during cooling.
A closer look at the bars manufactured using control scanning strategy and an optimized cellular scanning strategy can be obtained in Figure 8 and Figure 9 respectively. The surface of the bar manufactured with the parallel scanning strategy (Figure 8) shows several areas of porosity containing unconsolidated powder particles. It is possible to observe several flat single track features in this surface layer.
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